Abstract We use data from 50 earthquakes in southern California to test the accuracy of event parameter determination using single seismic stations for the purpose of early warning. Earthquake magnitude, hypocentral distance, and backazimuth are all estimated using P-wave arrivals only. There is a wide range in the accuracy of event parameters determined by different seismic stations. One quarter of the stations produced magnitude estimates with errors less than ‫3.0ע‬ magnitude units, hypocentral distances within ‫51ע‬ km, and backazimuth calculations within ‫02ע‬Њ. This accuracy is sufficient to provide useful early warning. Using P-wave arrivals is the most rapid method of delivering earthquake early warning and may permit a few seconds notice of impending ground motion even in the epicentral region. Our results show that networks using a P-wave detection approach for early warning can increase the accuracy of magnitude estimations by determining station-specific scaling relations between the predominant period of the P wave and event magnitude and by utilizing stations with optimal relations. Further, because individual stations are able to deliver an accurate early warning, the option of utilizing the technology in regions that lack a dense seismic network but are in need of seismic hazard mitigation becomes possible.
Introduction
Earthquake early warning systems hold the potential to reduce the damaging affects of earthquakes by giving a few seconds to a few tens of seconds warning before the arrival of damaging ground motion. Many early warning systems use a network of seismic instruments to determine earthquake magnitude and location (Anderson et al., 1995; Espinosa-Aranda et al., 1995; Wu et al., 1998; Wu and Teng, 2002; Allen and Kanamori, 2003; A. Lockman and R. M. Allen, unpublished manuscript, 2005) , but here we focus on a single seismic station's ability to assess earthquake hazard using the first few seconds of the P wave by calculating three parameters needed for early warning: event magnitude, hypocentral distance, and backazimuth. Rapidly estimating these parameters from the P wave and using attenuation relations gives the timeliest estimate of the groundshaking hazard for early warning.
Operational early warning systems in Mexico City and Taiwan use a technique known as front detection to give early warning, an approach that involves calculating earthquake magnitude near the source and issuing a warning to populations a greater distance away. The Seismic Alert System in Mexico City uses the peak ground motion measured near the Guerro Gap subduction zone to estimate magnitude, *Present address: Department of Earth and Planetary Science, University of California, Berkeley, 307 McCone Hall, Berkeley, rallen@berkeley.edu. and conveys this information to the population in Mexico City, 300 km away, providing 60 sec or more warning of the impending ground motion (Anderson et al., 1995; Espinosa-Aranda et al., 1995) . The Central Weather Bureau of Taiwan operates in a similar fashion, and can give a magnitude estimate about 22 sec after the P wave is detected and issue a warning to populations greater than 75 km from the epicenter (Wu et al., 1998; Wu and Teng, 2002) .
A more advanced method of early warning uses the P wave to characterize event parameters, which gives an additional few seconds warning because it does not involve waiting for peak ground motion observations. Nakamura (1988) developed a system called UrEDAS, which uses the initial motions of the P wave recorded at a single station to determine earthquake parameters. Allen and Kanamori (2003) and Lockman and Allen (unpublished manuscript, 2005) have also used a P-wave detection approach to determine earthquake magnitude, but in a manner that utilizes a network of seismic stations to increase the accuracy of magnitude estimates.
Here we assess the potential to accurately determine earthquake parameters using single seismic stations. We follow a similar approach to that used by Nakamura (1988) to estimate magnitude, hypocentral distance, and azimuth using P-wave records at single stations, and quantify the accuracy of these estimates at many stations across southern California. This analysis shows how single stations (or small clus-ters of stations) can provide early warning in regions without seismic networks, and how they can be used to maximize warning time at sites close to the epicenter. Results suggest that the accuracy of estimating event parameters for early warning largely depends on individual station behavior and site characteristics.
Data Set
We test the accuracy of an individual station's ability to determine earthquake source parameters by analyzing waveforms of 50 earthquakes in southern California that were recorded on three-component broadband velocity sensors within 150 km of the epicenter (Table 1, Fig. 1 ). The data set contains a catalog of events very similar to that of Allen and Kanamori (2003) and uses all events greater than magnitude 5.0 that occurred since 1995 plus the Northridge (M 6.7), Hector Mine (M 7.1), and Landers (M 7.3) earthquakes. Additionally, 38 events with magnitudes between 3.0 and 4.9 were randomly selected and included in the data set.
Single-Station Characterization of Earthquake Parameters
Earthquake early warning systems must rapidly measure event parameters a few seconds after the arrival of the P wave. We begin by analyzing a single station's ability to determine the earthquake magnitude and follow with an analysis of a single station's capacity to determine the event location.
Magnitude
Previous work shows that earthquake magnitude can be estimated using a network of seismic instruments and the first few seconds of the P wave through scaling relations between magnitude and the predominant period of the P wave (Allen and Kanamori, 2003; Lockman and Allen, unpublished manuscript, 2005) . These studies indicate that three different seismically active regions exhibit the same scaling between predominant period and earthquake magnitude, but there remains considerable variation in the predominant period measurements of individual stations. Certain stations show a well-defined scaling relation between predominant period and event magnitude, while others lack a scaling relation owing to scatter in the predominant period observations (Lockman and Allen, unpublished manuscript, 2005) . Here we aim to determine which stations in the southern California TriNet network have optimal scaling relations for early warning applications and explore the potential causes of their increased magnitude-period sensitivity.
To assess the ability of a single station to rapidly determine magnitude, we selected stations that recorded more than five earthquakes with at least one with magnitude greater than 5.0 from the event data set. The predominant period was calculated from the vertical velocity component of the P wave after the waveform was passed through a 3-Hz low-pass filter. We follow the approach of Allen and Kanamori (2003) and use the maximum predominant period ( ) in the first 4 sec of the signal, using a method dep T max scribed by Nakamura (1988) : (Fig. 2c) . The M 7.1 Hector Mine earthquake was included in this analysis to provide a wide range of magnitudes, even though it is 262 km from station CWC and falls outside the usual maximum epicentral distance of 150 km. Figure 2d shows the magnitude-period scaling relation for station SVD, one of the few stations that recorded all three large-magnitude events in the data set. Using the bestfit relation, this station could provide a moderately accurate magnitude estimate with an average error of 0.33 magnitude units. All event magnitude estimates using this station are within one magnitude unit, including the large-magnitude events.
Earthquake Location
In addition to providing magnitude estimates, another critical function of an early warning system is to determine earthquake location. Knowledge of the hypocentral distance can be used to estimate the time until severe ground shaking begins at a location, as well as to provide estimates of the peak ground-shaking amplitudes when combined with a magnitude estimate. The backazimuth gives information about the direction of the propagating waves and can be used to determine which areas can expect severe ground shaking and should receive warning. Estimation of these two parameters is completely independent, and we therefore evaluate the error in each separately. It should also be noted that only the hypocentral distance is required for a single-station early warning system, as the amplitude of ground shaking can be estimated from event magnitude and epicentral distance alone. We estimate hypocentral distance by developing a scaling relation between distance, P-wave amplitude, and .
p
T max Attenuation relations describe how the amplitude of seismic waves decrease with distance and earthquake magnitude, and are commonly used to describe peak ground acceleration or velocity for large magnitude events (Campbell, 1981; Joyner and Boore, 1981; Abrahamson and Silva, 1997; Boore et al., 1997; Campbell, 1997; Fukushima and Irikura, 1997; Sadigh et al., 1997; Wald et al., 1999; Field, 2000) . We determine our attenuation relations based on the P-wave amplitude and in order to calculate hypocentral distance. p T max We use the same functional form that Nakamura uses for UrEDAS (personal comm., 2004) :
where R is the straight-line hypocentral distance, A p is the amplitude of the P wave, and ␣, b, and c are constants to be determined.
All earthquakes and waveforms in the data set were used to develop the regional attenuation relation shown in Figure  3 . Constants ␣, b, and c were determined using least-squares regression to be ‫,81115.0מ‬ ‫,89281.0מ‬ 1.59766, respectively. Using this best-fit relation, R is then determined for each event-station pair in the data set using the observed A p and values. The errors in the hypocentral distance calp T max culated using this approach are shown in Figure 4 . Figure 4a shows the hypocentral distance errors for each of the 28 stations that recorded more than five earthquakes and at least one with a magnitude greater than 5.0. Many stations consistently overestimate or underestimate the actual hypocentral distance, as indicated by clusters of data points on only one side of the zero-error line (for example, stations LKL and SHO). This consistent offset is most likely the result of site amplification effects. We take the simplest possible approach to correcting for these effects; we calculate a constant hypocentral distance correction factor for each station such that once applied the average error is zero. The corrections for each station are given in Table 2 , and the results of applying the correction factors are shown in Figure 5 . The average absolute error in the hypocentral distance calculations for all stations and events is 23 km once the station corrections have been made, which is an improvement on the average error of 31 km without the site correction.
The backazimuth of an earthquake can be derived from P-wave particle motions based on the polarized nature of Pwave vibrations. P-wave particle motions lie in a vertical plane containing the station and earthquake epicenter. The horizontal station components indicate this plane, and the 180Њ uncertainty can be resolved using motions of the vertical component.
Backazimuth calculations are determined using a method similar to Nakamura's (1988) as follows:
h i is the backazimuth estimate, Z i , N i , and E i are the vertical, north-south, and east-west components recorded at time i, and ␣ is a smoothing constant. The backazimuth is calculated using the first 0.5 sec of the P wave. During this interval, h i is calculated continuously, and the final backazimuth is obtained by averaging the values of h i . 
Discussion
A correlation exists between stations that provide the best magnitude estimations and those that have the least error in the hypocentral distance calculations. This is not surprising as the methods used to calculate these parameters make use of the predominant period and depend on a sensitive magnitude-period scaling relation. We observe no correlation between stations that accurately estimate the backazimuth and the stations that accurately characterize the magnitude and hypocentral distance.
The ability to accurately determine event magnitude and hypocentral distance is limited by variations in for a Stations are ordered according to the average error. Hypocentral distances were estimated using the regional attenuation relation (without applying station-specific correction factors). Negative distance errors indicate the estimated hypocentral distance is short of the actual distance, and positive distance errors indicate the estimated distance is greater than the actual distance. (b) Absolute error in hypocentral distance calculations. Black dots show the average absolute error, and gray dots show the error of a single event.
stations CWC and GSC for the same events (Figs. 2b and c) provides insight into some of the possible causes of the observed variations. Possible reasons that stations observe different for p T max the same earthquake include changes in epicentral distance, basin or structural effects causing interference, or local site effects. Epicentral distance is probably not a significant factor because magnitude-period scaling relations remain very similar at epicentral distances of 0-100 km (Allen and Kanamori, 2003) , 0-150 km (Lockman and Allen, unpublished T max Mine event. This is due to the limited effect of attenuation on frequency content for these short ray paths. Variable basin geometry and other structural features can diffract rays and create multiple interfering ray paths, which could alter the predominant period observations. Figure 7 shows stations CWC and GSC and the common event set for which p T max observations were made. The distribution of faults illustrates the structural complexity of the region, making it quite possible to have multiple interfering ray paths. It is noticeable that ray paths to CWC (which shows a good magnitudeperiod relation) are subparallel to dominant structural boundaries, while paths to GSC must cross such boundaries. The very local structure beneath individual stations may also affect the quality of observations, as may local sources of noise.
p T max It is impossible for us to determine at this point what makes for a good station in terms of observations, although it p T max seems likely that local structure plays a major role.
Implications for Early Warning
Critical to the success of an early warning system is the ability to quickly and accurately determine earthquake magnitude and location. Utilizing the P wave to estimate these parameters offers the most rapid method of early warning, but at the potential cost of increasing errors. We have shown that certain high-quality stations have the ability to estimate earthquake magnitude and hypocentral distance with a greater degree of accuracy than others. Although many early warning systems rely on a network of instruments to increase the accuracy of the warning, implementing and maintaining a dense seismic network for the purpose of early warning presents economic obstacles. However, developing a warning system that uses a single station or a small cluster of stations with well-defined magnitude-period relations and little scatter could provide earthquake source information with sufficient accuracy to provide warnings, but at a reduced cost. Although we have focused here on the use of single stations, a second, third, or fourth station could improve the robustness of the system. Requiring two singlestation warning systems to trigger before taking action would reduce the potential for false alarms. Earthquake source information from multiple stations operating as a cluster could also be combined to improve the accuracy of both the magnitude and the location estimates. The accuracy of magnitude estimates is improved by simple averaging between multiple stations. "Single-station" locations could be improved by using the average predominant period in equation (4), by minimizing the misfit between the location and hypocentral distance and azimuth estimates from each station, and by using trigger times to estimate the location, as is standard practice for seismic networks. Finally, our observations suggest that early warning systems that use dense networks could improve the accuracy of magnitude estimates by treating stations separately and using stationspecific scaling relations between the predominant period and event magnitude. Summary 1. Single seismic stations are capable of providing useful estimates of earthquake source parameters using only the P arrivals. Magnitude estimates within 0.3 magnitude units, hypocentral distance estimates with average absolute errors of ‫51ע‬ km, and backazimuth estimates with average errors of ‫02ע‬Њ are possible at the best 25% of TriNet stations in southern California. Other stations have larger errors, and their estimates are not as useful. Typically, the same stations provide good estimates of magnitude and hypocentral distance, as both are dependent on observations that scale with magnitude. There is p T max no correlation between stations that perform well in the backazimuth calculations and the magnitude and hypocentral distance estimations. 2. The ability of a single seismic station to characterize earthquake source parameters using P-wave arrivals opens the possibility of applying early warning technology in regions that need seismic hazard mitigation but lack a dense seismic network. A single station or a small cluster of stations can bring these regions a low-cost mitigation tool and supplement other mitigation efforts. 3. Early warning systems that use P-wave front detection and a network of stations could provide more accurate estimates of earthquake source parameters if stationspecific scaling relations between P-wave characteristics and earthquake source parameters are developed. This requires a station to be operational for a period of time while the necessary observations are made. During this period, network-averaged scaling relations could be used.
